Summary Soluble and cell-wall-bound phenolics in mycorrhizas of Larix decidua--Laccaria amethystea and in nonmycorrhizal fine roots of larch grown in sterile culture were analyzed by HPLC. The soluble phenolics p-hydroxybenzoylglucose, p-hydroxybenzoic acid glucoside, picein, catechin, and epicatechin were identified in nonmycorrhizal fine roots. The same phenolics also occurred in mycorrhizas, but only in very small quantities compared with those in nonmycorrhizal fine roots. The amount of cell-wall-bound ferulic acid was much lower in mycorrhizas than in nonmycorrhizal fine roots. Pure mycelia of Laccaria amethystea (Bull.) Murr. contained none of the identified phenolics. We conclude that L. amethystea induced a large decrease in soluble and cell-wall-bound phenolics in fine roots of Larix decidua Mill. that may explain their rapid mycorrhization. : antifungal compounds, catechin, epicatechin, ferulic acid, flavonoids, Laccaria amethystea, larch, mycorrhiza, p-hydroxybenzoylglucose, p-hydroxybenzoic acid glucoside, picein.
Introduction
Low molecular weight phenolics are involved in resistance of forest trees to attack by parasitic fungi (Jorgensen 1961 , Shain 1967 , Alcubilla 1970 , Prior 1976 , Shain 1979 , Alcubilla et al. 1987 . After fungal infection, the concentration of constitutive phenolics in stems and woody roots of trees is enhanced. The phytoalexin-like phenolic defense chemicals are mainly stilbenes such as piceatannol, isorhapontigenin, resveratrol and their glucosides, pinosylvin and its monomethyl ether, and flavonoids such as quercetin, taxifolin, catechin and epicatechin. p-Hydroxyacetophenone, an acetophenone in needles of Norway spruce, exhibits fungitoxic activity toward Cladosporium cucumerinum and the forest pathogen Rhizosphaera kalkhoffii (Osswald et al. 1987) .
Fine roots of tree species forming ectomycorrhizas also contain constitutive soluble phenolics such as p-hydroxybenzoic acid glucoside, piceatannol and its glucoside, pinosylvin and its monomethyl ether, isorhapontin, picein and catechin (Hillis et al. 1968 , Hillis and Ishikura 1969 , Münzenberger et al. 1990 , Bonello et al. 1993 , and cell-wall-bound phenolics such as ferulic acid (Münzenberger et al. 1990 ). Nonmycorrhizal fine roots of spruce (Picea abies (L.) Karst.) contain higher concentrations of soluble and cell-wall-bound phenolics than mycorrhizas of Picea abies--Laccaria amethystea and Picea abies--Lactarius deterrimus (Münzenberger et al. 1990 ). Because most of the identified phenolic compounds exhibit strong antifungal activity against mycorrhizal fungi (Münzen-berger 1991), we hypothesized that a reduction in the concentrations of soluble and cell-wall-bound phenolics is a prerequisite for mycorrhization.
To test this hypothesis, we analyzed the amounts of soluble and cell-wall-bound phenolics in both mycorrhizal and nonmycorrhizal roots of Larix decidua Mill. cultivated under sterile conditions. The mycelium of Laccaria amethystea (Bull.) Murr. was also analyzed for phenolic compounds. We chose the tree species L. decidua because mycorrhizas are more rapidly established with fine roots of this species (Kottke and Oberwinkler 1988) than with fine roots of P. abies.
Materials and methods

Fungal material
The fungal strain of L. amethystea was isolated from a fruiting body in a Norway spruce stand near Oberjoch, Bavarian Alps, Germany in 1987. The isolate is stored in the type collection in Tübingen, Spezielle Botanik/Mykologie (strain LA 977).
Fungal culture
The mycelium of L. amethystea (977) was pre-cultivated on Modified Melin Norkrans (MMN) agar modified according to Kottke et al. (1987) 
Mycorrhizal synthesis
Axenic cultures were established in 500-ml Erlenmeyer flasks containing 250 ml of a 9/1 (w/w) mix of perlite and Sphagnum moistened with 150 ml of modified MMN nutrient solution (Kottke et al. 1987 
Harvest of root material
After mycorrhizal synthesis, the root systems of the seedlings were washed quickly to remove the substrate, and mycorrhizas or nonmycorrhizal fine roots were sorted under a stereomicroscope. Only vital mycorrhizal systems were harvested: fungus and host are vital when the hyphal mantle of the mycorrhiza is lavender in color and the root tips are light in color (Münzen-berger et al. 1990) . Only fine roots with light-colored root tips were harvested from root systems of noninoculated seedlings.
The material was frozen in liquid nitrogen and freeze-dried.
Extraction of soluble phenolics from lyophilized samples
Lyophilized samples of 20 mg DW of fine roots, mycorrhizas or mycelia were homogenized in liquid nitrogen in a mortar with a pestle. The powders were each suspended in 4 ml of 80%
aqueous MeOH and extracted for 1 h with continuous stirring. After centrifugation, each pellet was re-extracted twice with 2 ml of 80% aqueous MeOH for 10 min each time. The combined extracts were evaporated to dryness in vacuo at 40 °C and then re-dissolved in 0.5 ml of 50% aqueous MeOH, centrifuged, and used for HPLC analysis.
Extraction of insoluble phenolics
The pellets from the preparation of soluble phenolics were treated successively with water (5 ml), twice with methanol (5 ml each time), and finally with acetone (1 ml). Each extraction was carried out for 15 min with continuous stirring, and the extract was centrifuged each time. The remaining insoluble material was dried at 60 °C for 2 h, suspended in 1 ml of hot (80 °C) 1 M NaOH, and incubated with continuous stirring for 16 h at room temperature. Hydrolysates were centrifuged and aliquots (500 µl) of the supernatants were acidified with 50 µl of H 3 PO 4 . After centrifugation, 20 µl aliquots of the clear supernatants were analyzed by HPLC.
Isolation and purification of soluble phenolics from root tissue
Root systems of nonmycorrhizal seedlings (5.5 g DW ) were homogenized with an Ultra-Turrax apparatus and extracted with 150 ml of 80% aqueous MeOH for 1 h with continuous stirring. After centrifugation, the pellet was re-extracted twice with 50 ml of the same solvent for 15 min. The combined extracts were concentrated under vacuum. The residue was re-dissolved in 10 ml of 50% aqueous MeOH and applied to a polyamide column (SC 6, 60 × 3 cm i. d., Macherey-Nagel, Düren, Germany). The column was eluted with H 2 O (elution of p-hydroxybenzoylglucose), 40% MeOH (elution of p-hydroxybenzoic acid glucoside and picein) and 80% MeOH (elution of catechin and epicatechin). These fractions were concentrated in vacuo and purified on a Sephadex LH-20 column (100 × 2 cm i.d., Fluka, Neu-Ulm, Germany). The column was eluted with H 2 O (elution of p-hydroxybenzoylglucose and p-hydroxybenzoic acid glucoside), 50% MeOH (elution of picein) and 80% MeOH (elution of catechin and epicatechin). Final purification of phenolic compounds was achieved by preparative HPLC. Preparative HPLC was carried out with a liquid chromatograph (two-pump system, Waters, Millipore, Eschborn, Germany) on prepacked Silica C 18 (10 µm, 300 mm long, 40 mm i.d., Latek, Eppelheim, Germany). The elution system was a linear gradient from solvent A (1% HCOOH) to 100% solvent B (80% MeOH) in [A+B] in 200 min. The flow rate was 20 ml min −1 and the detection wavelength was 265 nm.
Identification of phenolics
Thin-layer chromatography was carried out on microcrystalline cellulose ('Avicel', Macherey-Nagel) with a water-saturated chloroform/acetic acid solvent (3/2 v/v Structures of purified phenolics were identified by mass spectrometry (MS) and by nuclear magnetic resonance spectroscopy (NMR).
Results and discussion
Soluble phenolics
The constitutive soluble phenolics p-hydroxybenzoic acid glucoside, p-hydroxybenzoylglucose, picein, catechin and epicatechin were identified in fine roots of larch. Representative HPLC profiles of soluble phenolics of mycorrhizal and nonmycorrhizal fine roots are shown in Figure 1 . Mycorrhizal and nonmycorrhizal fine roots contained the same phenolic compounds. No phenolic phytoalexins were found. The amounts of all identified phenolics were lower in mycorrhizas than in nonmycorrhizal fine roots. Only a trace of the aglycone of picein, p-hydroxyacetophenone, was detected in both mycorrhizal and nonmycorrhizal fine roots. No stilbenoid compounds were found in either mycorrhizal or nonmycorrhizal fine roots.
Laccaria amethystea contained none of the identified phenolics; however, a nonphenolic compound from the fungus, which appeared in mycorrhizas of Picea abies--Laccaria amethystea (Münzenberger et al. 1990 ), was also detected in mycorrhizas of larch (Figure 1, arrow) . On the basis of HPLC analysis of this unidentified substance from extracts of pure mycelium and of mycorrhizas, we calculated that the fungal contribution to the dry weight was 43% of the total. This was taken into account when the quantitative differences were compared. The values of soluble and insoluble phenolics in mycorrhizas in the tables and figures were corrected accordingly.
The concentrations of soluble phenolics for both series of cultures are shown in Table 1 . In Series 1, the values of the two extractions were similar for mycorrhizal and nonmycorrhizal fine roots, respectively. However, the concentrations of soluble phenolics in mycorrhizal and nonmycorrhizal fine roots of seedlings cultivated at different times of the year showed fluctuations (cf. values for soluble phenolics for Series 1 and 2). It seems likely that an endogenous annual rhythm regulates the amount of phenolic compounds in the soluble pool even when the plants are grown under controlled condi- tions. Large fluctuations in concentrations of soluble phenolics were also observed in cultures from Norway spruce (Münzen-berger et al. 1990 ).
The flavonoid epicatechin was the major component of the phenolic compounds (Figure 2) . The derivatives of p-hydroxybenzoic acid, picein and catechin were also present in high quantities. The concentrations of all identified phenolic compounds were less in mycorrhizas than in nonmycorrhizal fine roots, especially epicatechin, whose concentration in mycorrhizal extracts was only 13% (corrected value) of that extracted from nonmycorrhizal fine roots. The concentrations of the remaining phenolic compounds present in mycorrhizas were between 25 and 32% (corrected values) of those present in nonmycorrhizal fine roots.
The identified soluble phenolics were present in higher concentrations in nonmycorrhizal fine roots of larch than in nonmycorrhizal fine roots of Norway spruce (Münzenberger et al. 1990) , whereas the concentrations of soluble phenolic compounds were lower in the mycorrhizas of larch than in the mycorrhizas of Norway spruce. The finding that the decrease in the concentration of these fungitoxic compounds in the fine roots of larch during mycorrhization is greater than the decrease that occurs in the fine roots of Norway spruce may account for the faster mycorrhization of larch fine roots than of Norway spruce fine roots. The results support the hypothesis that phenolic compounds are effective in regulating the mycorrhizas of forest trees.
Cell-wall-bound ferulic acid
Extracts of mycorrhizas contained 52% less ferulic acid (corrected value) than those of nonmycorrhizal fine roots (Figure 3) . Unlike the concentrations of soluble phenolics, the concentrations of insoluble ferulic acid did not vary between Series 1 and 2 (Table 1) . Ferulic acid was not present in cell walls of the pure mycelium of L. amethystea.
The biological function of cell-wall-bound hydroxycinnamic acids is to make the wall less extensible and to prevent digestion by fungal enzymes (Fry 1982 , 1986 , 1987 , Tan et al. 1992 . Thus, a decrease in the concentration of ferulic acid in mycorrhizas enhances cell wall extensibility, facilitating intercellular penetration by the fungal symbiont. The lower concentrations of insoluble ferulic acid in cell walls of nonmycorrhizal fine roots of larch and the larger decrease in the concentration of this monophenol in larch mycorrhizas compared with Norway spruce may explain the faster mycorrhization of the fine roots of larch.
The present results confirm previous findings that none of the mechanisms underlying pathogenic plant--fungus interactions function in mature ectomycorrhizas. That is, in mature ectomycorrhizas, there is no accumulation of phenolic compounds, no release of aglyca, such as p-hydroxyacetophenone from picein, and no de novo synthesis of phenolic inhibitors (phytoalexins).
The regulatory mechanism underlying the decrease in concentrations of phenolic compounds in ectomycorrhizas is not known. Several processes could explain the low concentrations of soluble and cell-wall-bound phenolic compounds in ectomycorrhizas. For example, altered physiology of fine roots as a result of mycorrhization could affect the routes for phenol synthesis. Alternatively, the synthesis of enzymes catalyzing the phenolic production could be suppressed by compounds released by the mycorrhizal fungus. A third possibility is that the low molecular weight phenols are polymerized to high molecular weight phenols. This mechanism is known to occur for catechin, which can be polymerized to condensed tannins (Harborne 1980) . A fourth possibility is that the phenolic compounds are degraded by enzymes released either by the fungus or the plant (e.g., peroxidases, phenoloxidases). However, cytochemical tests of Norway spruce mycorrhizal tissue showed no peroxidase or phenoloxidase activity by the plant or fungus (Münzenberger 1991) . Furthermore, we have been unable to detect degradation products of phenolic compounds in mycorrhizas of P. abies and L. decidua (unpublished observations). Wyss et al. (1991) found differences in the regulation of phenolic compounds in mycorrhizal systems compared with pathogenic systems in a study of vesicular arbuscular mycorrhiza. They found no accumulation of the phytoalexin glyceollin, an isoflavonoid, by the mycorrhizal fungus Glomus mosseae in soybean roots, but the pathogen Rhizoctonia solani caused glyceollin to accumulate. Wyss et al. (1991) concluded that the fungus was not able to induce the enzymes for biosynthesis of phytoalexins. This is consistent with the results of Harrison and Dixon (1993) who found a suppression of the isoflavone reductase (IFR) transcripts that encode an enzyme specific for phytoalexin biosynthesis in Medicago truncatula roots during colonization with the vesicular arbuscular mycorrhizal fungus Glomus versiforme.
